The energetics, structure, and stability of a dielectron solvated in an internal cavity in water clusters, ( H, 0); *, at 300 K are investigated using coupled quantum-classical moleculardynamics simulations. In these calculations the ground state of the dielectron is calculated concurrently with the atomic configurations using the local-spin-density functional method, and the nuclear degrees of freedom evolve classically on the Born-Oppenheimer potentialenergy surface. For n = 64 and 128 the internal single-cavity dielectron state is unstable, while for n = 256 (as well as in bulk water) it is energetically stable, fluctuating between a compact spherical configuration (eZ, ) and an elongated ellipsoidal dumbbell-shaped one ( e2d ) . Transitions between these two states of the dielectron are accompanied by structural and orientational transformations of the surrounding water molecules. The induced molecular orientational order is enhanced and is of longer range in (H, O)$ than is the case for a solvated single excess electron. By extrapolating our results to the bulk limit we conclude that a spin-paired dielectron state in bulk water, at 300 K, is a stable species relative to two single separated hydrated electrons.
I. INTRODUCTION II. METHOD AND INTERACTION POTENTIALS
Investigations of electron solvation phenomena in bulk liquid water' and ammonia' are perhaps the earliest investigations of electronic states in liquids.3 More recently, experimental and theoretical developments4 revealed a wealth of information pertaining to localization modes,3*4 energetics,3*4 structure,3*4(a)~4(C) solvation dynamics,' and spectra6 of excess electrons in finite water clusters of variable size, as well as in bulk aqueous media.7-9
While states of two electrons (dielectrons-e, > trapped in a single anion vacancy in ionic crystals1o (F' centers) as well as in molten alkali-halide" and recently alkali-halide clusters,'* and in disordered solids and liquidsI are well known, the existence of e2 in polar molecular liquids (water in particular) has been a subject of much debate. 13, 14 In this paper we explore the ground-state properties of spin-paired electrons (i.e., 'S state) localized in liquid water clusters, suggesting an energetic stability of a dielectron state in sufficiently large clusters (i.e., (H, 0); * for n k 250) and in the bulk aqueous medium. The energetics, structure and dynamical properties of the e2 state which we studied, using modern simulation methods, are likely to be of relevance to investigations of the microscopic mechanisms of certain chemical and physical consequences of radiological processes in water, although the expected reactivity of the species may complicate direct experimental probing of its properties.
In our molecular-dynamics simulations the intra-and intermolecular interactions in water are described by the RWK2-M potentials," [equilibrium averaged results for neutral clusters (H,O),, n = 64, 128, and 256 are given in Appendix A], and the interactions with the excess electrons are given by model pseudopotentials.3 '"' The configurational space of the coupled classical (water)-quantum (electrons) system is explored on the Born-Oppenheimer (BO) potential surface, with the ground-state electronic structure of the excess electrons evaluated (concurrent with the instantaneous water molecules' nuclear configurations) via the local-spin-density (LSD) functional method; details of the method of self-consistent solution of the LSD KohnSham equations and the exchange-correlation functional used by us can be found elsewhere '2"6 [in this context we remark that in all our calculations the spatial grids employed were chosen to assure convergence; typically, spatial grids of (32 x 32 x 32) points with a grid spacing of 1 a.u. were used]. In calculations involving a single excess electron both the BO-LSD and ground-state dynamics ( GSD)4'c',5'b' methods were used, yielding very similar results.
A brief description of the simulation methods and a discussion of the electron-water pseudopotential used in the calculations are given in Sec. II. Our results for dielectrons in water clusters are exhibited and discussed in Sec. III. A summary of our findings is given in Sec. IV.
Prior to presentation of our results, we comment on the nature of the pseudopotentials describing the electron-water molecule interactions. In our earlier investigations of the solvation of single excess electrons in water clusters of variable sizes, we have constructed and employed3 a pseudopotential ( v) consisting of additive contributions from Coulomb interactions with the molecular point changes ( V, ); exchange ( V, a -axp1'3 , where p is the electronic charge distribution of the ground-state water molecule, and a, = 0.3 was determined by fitting the binding energy in (H,O);
' to quantum-chemical calculations); exclusion ( V, ap2'3, which accounts for orthogonalization of the excess electron wave function to the molecular electronic wave functions, i.e., Pauli exclusion); and a polarization potential [v,(r,&) = -OSa,,e*/(]r-R,]'+ Rg)*, where r and R,, are the vector positions of the excess electron and molecular oxygen, respectively, sop is the isolated water molecule spherically averaged electronic (optical) polarizability, and R, was determined by fitting to a calculated adiabatic polarizability potential of water3(a' 1. The excess electron vertical binding energies calculated with the above pseudopotential were found3(b'r4(c' to be in good agreement with those available at the time from photoelectron measurements" for (H, 0); ' (n( 18 ) , and have led to the prediction of surface and internal localization modes in water clusters,3*4(a" 4(c' the evolution of spectral characteristics with size,6 and subpicosecond dynamics of the solvation process.5 Furthermore, these studies led to the formulation of a dielectric continuum model of finite clusters3'b'.18 with the vertical binding energy (VBE) of an excess electron localized in an internal state in a cluster of mean radius i? = 1;n"3, where r, is the mean radius of a water molecule and n the number of molecules in the cluster, given by VBE(E) = VBE( co ) + Ai? -' izability of the aqueous medium, and thus E, = 1+ 477j0, (a,, + a,, 1 and cop = 1+ 47ip,aop, and for a,, ) sop, which is the case for water, leads from Eq. ( 1) to VBE" (x) = VBE" ( CO ) + A "z -' -2np,a,,,e*/R,
where
where A n = e* ( 1 -1/cop ). Therefore, it appears that short of a reformulation to include electronically polarizable water molecules, it is advisable, for the large cluster regime, to not include the I', term in the electron-water pseudopotential, V, and reparametrize V (i.e., fit a, in the short-range exchange term) in such a manner as to adequately reproduce the results for the small cluster-size regime,3(b) while maintaining consistency with the continuum dielectric expression [i.e., Eq.
( 1) with cop = 11. Following this procedure yields a, = 0.57, with the excess electron in (H, 0); ' bound as a surface state for n<32, gradually converting into an internally solvated electron for larger clusters, exhibiting structural (i.e., spatial extent of the excess electron distribution, molecular solvation shell structure, and molecular preferential orientational ordering in the near-solvation shells) and spectral properties similar to those found by us previously but with corresponding energetic characteristics (i.e., VBE's) in closer agreement with recent4'b' experimental data (see Appendix B) .
and cop (e, ) are the optical (static) dielectric functions, and VBE( 00 ) the value in the bulk, i.e., the value obtained when n-+w (a similar expression was given for the adiabatic binding energy [ABE(E) ] with ABE( 00 ) and A = ( e2/2) ( 1 -l/e, ) replacing the corresponding terms in Eq. ( 1)). In the course of our studies, coupled with the more recent availability4'b' of photoelectron data for (H,O); ' clusters with ng70, a tendency in the calculations toward overbinding of the excess electron in large clusters was noted. Consequently, we reexamined our model assumptions, and in particular the compatibility with the continuum dielectric theory which is expected to apply best at the large cluster-size regime. 3(b'*18 Since in our model the molecular electronic charge distribution is nonpolarizable (i.e., the dielectric constant E = E,, and cop = 1, where E,, is the orientational dielectric function, and for water es z E,, ), the correspondence of the vertical binding energy in the microscopic simulations with the dielectric continuum sphere expression [ Eq. ( 1) ] may be expressed as In light of the above discussion most of the results which we present for dielectron systems in the following section correspond to calculations using the modified potential [energetic results for (H, 0) ,,' using the original pseudopotential are given for comparison in Appendix C] .
Ill. DIELECTRONS IN WATER
A. Energetics and stability
Two electrons may localize in a cluster in various configurations including both electrons localized in the same internal solvation cavity, the two electrons localized in two separate internal solvation cavities, both electrons bound in surface states, and one electron bound internally and the other localized at the surface. Additionally, at finite temperature the system may fluctuate among several of the aforementioned configurations. In this study we focus on the first possibility, i.e., the energetics and structure of an electron pair localized in a single solvation cavity. In addition to its analogy to the F' center in ionic salts, this localization mode may constitute a precursor for certain two-electron reactions in water.
where A ' = e* ( 1 -l/e,,, ) and the term containing the molecular density (p,,, ) and the optical polarizability sop of the water molecule, accounting for the induced electronic polarization of the medium (corresponding to the term I', in the model pseudopotential).
However, the aforementioned leads to an inconsistency with Eq. ( 1) since Eq. (2) can be obtained from Eq. ( 1) by replacing the term l/e,, by 1 + 4~,,,, sop, but l/e,, < 1. Furthermore, we note that assuming a = sop + a,, , where a,, is the orientational polarTherefore, in most of our studies, we started our dielectron simulations [i.e., (H,O); '1 from a corresponding equilibrated internally localized single-electron configuration [i.e., (H, 0); 'I. In all cases the simulations were performed at 300 K (i.e., canonical simulations) with the temperature controlled via infrequent stochastic thermalization of the classical (molecular) degrees of freedom.3*4(a'*4(c' In addition, since our purpose in this study is to investigate the equilibrium properties of the system (which are independent of the masses of the classical constituents), the dynamical evolution of the classical degrees of freedom was performed in some of our calculations with the mass of the oxygen atoms taken the same as that of the hydrogens, which enhances the effectiveness of exploration of the available phase space of the system. The time step used in the moleculardynamics simulations of the classical degrees of freedom was At = 0.25 fs.
Prior to presenting our results we introduce the notation that will be used throughout our discussion.
(i) Quantities corresponding to a single excess electron in a cluster containing n water molecules are denoted by a subscript "1," e.g., VBEI"', ABE! "', and E &) are the vertical, adiabatic, and molecular reorganization energies of a cluster (H, 0); ', respectively. The corresponding quantities for a cluster containing an excess dielectron are denoted by a subscript "2" (e.g., VBE:"', ABE: "', and E 2:') .
When reference is made to excess electron states in bulk water a superscript "co " is used, e.g., VBE; and ABE; refer to the vertical and adiabatic binding energies of an excess single (q = 1) or dielectron (q = 2) in bulk water, respectively.
In this context we note that the cluster reorganization energy EL,"' = (4)(H20) -q -@)(,,,, (4 = 1 or 2) is the difference between the equilibrium intri-and intermolecular interaction potential energies of the solvent cluster, with and without the solvated electron(s). The adiabatic binding energy of the excess electron(s) in the cluster is given by ABE:' = VBEF' + E 2,"' (for a bound state VBEF' < 0 and ,!?("I > 0 thus ABE"" > VBE '"') .
-7 (ii)'A system ii its equilibrium state with respect to the molecular constituents is denoted as ( HIO);q, with q = 1 or 2 corresponding to a hydrated single electron or dielectron, respectively. A state of a system (neutral or charged) reached via a verfical transition from an initial equilibrium system, i.e., where the molecular configuration in the final state is not relaxed but is kept as that corresponding to the initial state, is denoted by [ (H, 0) ; q + '1 q. Thus a vertical transition from the equilibrium state of a dielectron in a water cluster of size n to the neutral corresponds to (H, 0); ' + [ (H, 0) n ] 2 + 2e -and the vertical ionization potential (VIP), i.e., the energy required to remove the two excess electrons in a vertical process, is VIP,_, = -VBE;"'. Similarly, the vertical removal of one of the electrons from the initially equilibrated dielectron state, i.e., (H,O); * -[U-&O);'], +e-, requires an energy VIP:"_', , while the adiabatic single-electron ionization of an equilibrated dielectron system, i.e., (H,O);* -+(H,O);'+e-, requires an energy AIPI",', = ABE:"' -ABE:"' (or AIP$"_' 1 = VBE:"' -VBE;"' + ECn) -Ez;').
The first issue which ,", need to explore is the clustersize range for stable dielectron localization. In simulation studies stability may be assessed in several ways: (i) The most elementary argument is that concerning the lack of stability which would express itself in the inability to form the required state in the first place, or in a "transient nature" of the state. (ii) Another stability criterion of a solvated species involves the sign (and magnitude) of the adiabatic binding energy, with ABE:' < 0 corresponding to a stable state and the reverse for ABE? ' > 0. An additional stability criterion (iii) for dielectron solvation may be expressed as [this criterion is used in Ref. 13 with the opposite sign to that in Eq. (4) ]
where ABEF' is the adiabatic binding energy for solvation of an excess single electron (q = 1) or dielectron (q = 2) in a system of size n, with d the distance between the two single solvated electrons. Since we focus on e, states localized in the same solvation cavity, we do not use Eq. (4) in our study of clusters. However, the above criterion becomes useful (with d+ 0~) and n + CO ) when we extrapolate our results to dielectrons in bulk liquid water (see below).
Our attempts to localize a stable dielectron in (H, 0) ; ' clusters, with n = 64 and 128 indicated that in this clustersize range a dielectron state bound in the same cavity is metastable at best. Thus, for the n = 64 cluster an initial e2 state "decomposed," after about 2500 integration steps, with one of the electrons expelled from the cluster interior [see Fig.  1 (b) I, and for n = 128 a long-lived metastable state formed with VBE$"" = ( -0.214 + 0.023) a.u., E ~~28' = 0.22 a.u., and ABE$'28' = 0.006 a.u.
Subsequently, we investigated same-cavity-localized e2 states in a larger cluster, i.e., (H, 0) ,i. The energetics of the cluster is summarized in Table I I. Energetic& calculated via BO-LSD simulations using the modified electron-water pseudopotential, of a dielectron internally localized in (H,O)$at 300K. (4, )*, (&),,and (#), aretheintra-, inter-,and totalpotentialenergiesofthe water molecules. (I'),, (K),, (E,,),, and (EH)* are the contributions of the electron-water interaction, electronic kinetic energy, exchange-correlation term, and Hartree energy, respectively, to the total dielectron energy. VBE, is the vertical binding energy of the dielectron (i.e., sum of the aforementioned contribuitons); EC2 is the cluster molecular reorganization energy for the dielectron, and ABE, is the dielectron adiabatic binding energy. The reorganization energy associated with the process Table III) . Results for the compact, dumbbell-shaped, and intermediate dielectron states (eZC, e,,, and e,,, respectively) were averaged over 5.8X IO'Af, 3 .3 x 103Af, and 1.3X IO'At, respectively. The average properties of the dielectron are given in the first row. Uncertainty estimates are given in square brackets, and energies in a.u. units (1 a.u. = 27.21 eV). States of the cluster which are equilibrated with respect to the molecular constituents are denoted by (H, 0) 2>z, ~7 = 2,1, and 0, corresponding to a hydrated dielectron, single electron, and neutral cluster, respectively. Final states resulting from a vertical ionization process in which m electrons are removed ( m = 1 or 2 ) are denoted by [ (H,O) ,z+ "I*, where CJ = 2+or 1 is the charge state of the initial state, and the square brackets denote that the electronic final state is calculated in the molecular geometry of the initial state of excess charge q. VBE, and ABE, are the vertical and adiabatic binding energies of the excess hydrated species (q = 2 corresponding to a dielectron), respectively, and E, is the corresponding cluster molecular reorganization energy. The dashed lines denote vertical and adiabatic ionization potentials of the process connected by line. For the bulk system (b) the number of molecules (256) electron-molecule pseudopotential, but exhibiting stronger binding.
From Table I we observe first that the time-averaged adiabatic binding energy of (H, 0) 2<i with reference to the neutral cluster indicates a stable e2 state [i.e., ABE, = -0.0575 a.u., see criterion (ii)]. In addition ABE, < ABE, (AIP,,, = 0.0077 a.u. = 0.21 eV, using the value of ABE, = -0.0498 a.u. from Table III) indicating stability of the dielectron cluster also with respect to a single solvated excess electron [i.e., (H,O),l + e-1. Furthermore, in Fig. 1 (a) we show the time variation of VBE, in (H, 0) 2562 (dashed line) as well as the binding energy of a single excess electron calculated for the same molecular configurations of the doubly charged cluster. As seen, the dielectron is more bound (i.e., larger magnitude of VBE, ) than the single electron, with the water molecular configurations maintained as those of the dielectron cluster (this behavior remains the same throughout all our simulations of the cluster). In contrast to the above, the corresponding bindingenergy data shown in Fig. l(b) for the (H,O)G~ cluster, recorded up to the point of "decomposition" of the dielectron state, indicate only marginal transient preference for the two electrons to be localized in the internal cavity, with an eventual terminal reversal ( nstep -2200) in the relative magnitudes of the energies, which coincides with delocalization and unbinding of the e2 state.
To estimate the binding energies and stability of a dielectron localized in a cavity in bulk water at 300 K we show in Fig. 3 a plot vs r -' of .f; ( V( r') )4#dr (i.e., the interaction energy between the electrons and the water molecules integrated in a sphere of radius r about the centroid of the dielectron distribution). The asymptotic value at r -' +O, denoted by ( V) m = -0.7722 a.u., corresponds to the bulk limit. Since for the (H, 0) ;,' cluster we may assume that the Hartree ( (E, ) 2 ) , exchange-correlation ( (E,, ) 2 ) , and electronic kinetic energy ( (K ), ) contributions have saturated [i.e., achieved their bulk limit; an assumption supported by comparison of these quantities with those corresponding to (H, 0) ,,' 1, the vertical binding energy of a single-cavitylocalized dielectron in bulk water can be estimated to be VBE; = (V),
, yielding a value of -0.4584 a.u. (or -12.46 eV). In this context we note that a similar procedure for the single excess electron case, or alternatively from the asymptotic value of (VBE) , plotted vs n -"3 (see Another estimate of the stability of the cavity-localized dielectron state in bulk water, which avoids the assumption that the molecular reorganization energy achieved the bulk limit for the (H,O),i cluster, is based on the dielectric continuum model of finite clusters,3'b'*18 in conjunction with results of our simulations.
From Eq. ( 1) with E,~ = 1, and the corresponding equation for the adiabatic energy, we obtain ABE; = ABE: An additional quantity of interest for the dielectron in bulk water, which can be estimated using the continuum dielectric model and the simulation results, is the vertical first ionization potential, VIP?-, . Assuming spherical symmetry and uniform dielectric properties the following expression can be derived?' VIP,"_, = VIP:?, -1 (VBE; -VBE;")) , (6) where VIP:"_', is the vertical first ionization potential for a cluster containing n water molecules, VBE," is the vertical binding energy of the dielectron in the bulk, and VBE:"' is the one in the cluster.
Using the values obtained in our simulations for a dielectron in a 256-water molecule cluster (i.e., VBE$256' = -0.2754 a.u., see Table I , and VIPiyp' = 0.0425 a.u., see below), and VBE; = -0.4584 a.u., we obtain for the first vertical ionization potential of the dielectron in bulk water, VIP,",, = 0.134 a.u. (or 3.65 eV). Related to this ionization potential is the energy required to vertically dissociate a dielectron into a single hydrated electron and one at the bottom of the water conduction band (which is estimated to be -1.1 eV below the vacuum leve14'b' ). Using the above value for VIP?-, we estimate this energy to be 2.55 eV.
Inspection of Table I reveals that the largest contribution to the electronic energy is from the overall attractive interaction with the water molecules ( ( I'), ), with additional attraction coming from the exchange-correlation term ( (E,, ), ) . The main repulsive (positive) contribution originates from the Hartree (interelectronic repulsion) term ( (EH)z ), with an added repulsive contribution from the electronic kinetic energy ( (K ) 2 ) due to localization (confinement). Comparison of the dielectron results with those of a single excess electron [i.e., (H, 0) .&, given in Appendix B] shows that the magnitude of ( V), is more than twice that of ( V) i, and the cluster molecular reorganization energy of the e2 state ( EC2 ) is significantly larger than that for the single localized electron (EC, ). Finally, we note that the first vertical ionization potential of (H,O),:, i.e., the energy associated with the process (H20)2;t-[ (H20)2;i]2 + e-(VIP,,, = 0.0425 [ f O.OlO] a.u., in Table I ; see also Figs. 1 and 2) is significantly lower than that of (H,O)& (VIP, = -VBE, = 0.1262 a.u.; see Table III. ). Similarly, the first adiabatic ionization energy of (H,O)& (AIP,, , = 0.0077 a.u.) is lower than that for the singly charged cluster (AIP, = -ABE, = 0.0498 a.u.), and the adiabatic removal of one electron from the dielectron cluster is accompanied by a large reorganization energy (see E,, _ i in Table  I ).
Structure
Investigations of the electronic distribution and the molecular structures of the equilibrated dielectron ( H20);z cluster reveal a most interesting behavior. As exhibited by the sample configurations shown in Figs. 4(a) and 4(b) the dielectron distribution fluctuates between an almost spherical compact state (which we will denote as e2c ) and an elongated ellipsoidal dumbbell-shaped state (denoted as e2d ) . Contours in the xy plane of the electronic distributions for the e2E and e2d states are shown in Figs. 5 and 6(a) , respectively, where for the latter contours of the spin-polarization function p(r) =p, (r) --p, (r) are shown in Fig. 6 (b) [p(r) vanishes for the eZc state]. In both states the dielectron is spin paired ( '5') . The fluctuations between the two dielectron states along the system trajectory are exhibited in Fig. 7(a) where
(the integration is over the spatial grid) is shown vs the number of integration time steps in a segment of the simulation. As seen in this segment the system converted first from an e2d to an e,, state (n sfep -2250) which transformed back to the e2d state. Later (n step -4250) ane2d + e,, transformation occurred followed by several short-lived fluctuations toward the eZd state. In this context we note that we observed such behavior both in simulations employing the original or modified pseudopotentials, and regardless of the starting configuration of the dielectron.2'
As observed from Table I for the eXc and eZd states, as well as for the intermediate short-lived transition state e2i (obtained for each state via averaging the properties of the system over the corresponding segments of the simulation), the energetic properties of the system in these states are quite similar [corresponding results for (H, 0) ;,' calculated with the unmodified pseudopotential are given in Appendix C] . 
, (t) = Qwwp(t) > (p(Wp.(O)) '
where the angular brackets denote averaging over the closest ten water molecules as described above. These order parameters plotted vs nste,, are shown in Fig. 7 Fig. 7(a) ] shows characteristic variations in these parameters coincident with the transitions between the two states of the dielectron; the magnitude of v(t) achieves a significantly smaller value for the e,, state corresponding to a nearly spherical cavity, and the variations in C,, (t) indicate molecular orientational transformations accompanying the transitions between the dielectron states.22
(b) and 7(c). Comparison with the variations in A<(t) [
Further characterization of the dielectron states is provided by the configurations and atomic distribution contours for the e,, and ezd states shown in Figs. 8 and 9 , respectively. These figures provide added evidence for the spherical-like and elongated ellipsoidal shapes of the dielectron distributions and solvation cavities in the two states as well as indicating the preferential orientational ordering of the water molecules surrounding the dielectron.
The solvation shell structure of the dielectron in The transition between the eZc and eZd states of the dielectron are accompanied by structural variations of the surrounding water molecules. To illustrate these configurational variations we define the following structural order parameters:
where u(t), b(t), and c(t) are the magnitudes, in increasing order, of the principal axes of the moments of inertia tensor of the distribution of water molecules surrounding the dielectron (in our calculations these were computed for the oxygens of the ten water molecules closest to the centroid of the dielectron distribution, i.e., R (H20);t is exhibited in Fig. 10(a) for the e,, state where the average number of oxygens [N(r) ] in a sphere of radius r about the centroid of the dielectron distributions is plotted vs r. Additionally, radial distributions for the electron-water interaction and molecular interaction potential energies are shown in Figs. 10(b) and lO( c) , respectively. The molecular radial distribution for the e,, state in ( H20)& is more structured than the one for the single excess electron [see Appendix B, Fig. 15 (a) 1, with the structure in the cluster induced by the excess dielectron extending to molecular solvation shells further away from the centroid of the eZc distribution than is the case in (H, 0) 252. This correlates with the much stronger and somewhat longer-range interaction between the electrons and the water molecules in (H, 0) 2562 as compared with the single-electron system [compare Figs. 10 (b) and 15 (b) 1, and is also reflected in the radial molecular interaction energy [compare Figs. lO( c) and 15 (c) ] where the influence of the dielectron is seen to effect the water structure over a relatively large range. From these plots we assign the first three solvation shells of the dielectronas(0,8u,),(8uo,10u,),and(10u,,15u,)containing on the average -8.9, 11.7, and 54.2 water molecules, respectively. For the (H, 0) ~2 system the corresponding solvationshellsaredefinedas (0,7u,), (7u,, 10.5uo),and (10.5 a,, 14.5 a, ), containing 6.2, 18.7, and 44.2 water molecules, respectively (see Appendix B) . While in the dielectron case the differentiation between shells is somewhat ambiguous (though the induced molecular structure is well defined), it is obvious that the number of molecules in the first (proxi- mal) solvation region is larger in (H, 0) *<z than in the singly charged cluster.
Analysis of the solvation shell structure for the eZd state is complicated by the lack of approximate spherical symmetry. However, radial plots as those shown in Fig. 10 , neglecting the ellipsoidal shape of the cavity, yield solvation shell radii of (0, 8 a,), (8 a,, 11.5 ua), and (11.5 a,, 14.5 a,) containing an average number of 8.1, 11.5, and 35 water molecules, with relatively small variations ( lo%-20%) when using ellipsoidal coordinates.
To conclude this section we use the above solvationshell radii definitions to explore the degree of orientational molecular order in the shells for the eZc state. The orientational distributions of the molecular O-H bonds, in the first three solvation shells, with the centroid of the dielectron distribution taken as the origin, are shown in Fig. 11 (8 is the angle between r+,, the vector connecting the molecular oxygen and the centroid of the dielectron, and the O-H bonds). As seen, molecules in the first solvation shell are strongly preferentially oriented with one of the O-H bonds of each molecule pointing toward the center of the dielectron distribution (for perfect orientational order cos @e24H,, ) = 1, while for the other bond of the molecule cos e,,,, = (2) -0.25). Pronounced OH bond-orientational preferrence is found also in the second, and to a lesser extent in the third, solvation shells. Comparison with the (H,O);,' case (see Fig. 16 in Appendix B) illustrates the stronger orientational ordering induced by the localized die-cos (cl) FIG. 11 . Orientational distributions of the molecular O-H bonds in the first thrae salvation shells (first shell at the top) for the ezC state in (I-I,0),,2 at 300 K.
lectrons and the more extended range of the effect, corraborating our previous conclusions.
IV. SUMMARY
In this study we investigated, using modem simulation methods of coupled classical-quantum molecular dynamics the equilibrium energetics, structure, and stability of a dielectron solvated in an internal cavity in water clusters (H, 0); 2, n = 64, 128, and 256, and in bulk water, at 300 K. As noted before, the issue of the existence and properties of such a solvated species in water is of conceptual interest since it forms an analog of the well-known F' center in ionic crystals and is an important electron localization mode in disordered solids and liquids (bipolaron). In addition, in the context of clusters a dielectronic state extends our notion of bipolarons to finite systems. Furthermore, physical characterization of the dielectron state in water may be of relevance and importance for the analysis of post-radiative processes such as excess electron recombination and of chemical reactions (such as H, production) whose mechanisms are likely to involve concerted action by two proximal electrons. In this context we reiterate that the expected reactivity of the dielectron state in water may complicate experimental probing of its properties. Nevertheless, it is hoped that the application of refined fast spectroscopies would allow such future studies.
Among the various possible solvation modes of two excess electrons in a water cluster, we focused in this study on the one where the two electrons are internally localized, Kaukonen, Barnett, and Landman: Dielectrons in water clusters 1373 proximal to each other. The main results of our study may be summarized as follows.
(a) An internally localized dielectron is unstable in a water cluster containing 64 molecules, and is marginally stable (ifat all) in (H,O)$.
(b) An internally localized ground-state spin-paired (i.e., 'S) dielectron in (H20)& (Table I and Fig. 2(a) ; see also Table IV in Appendix C) is energetically stable (though perhaps of a short lifetime due to possible reactions with the water medium). In addition, extrapolation to the bulk water case yields a ground-state dielectron adiabatic binding energy of --6.5 eV (or --4.1 eV using another method of estimation, see Sec. II A) when using the modified electronwater pseudopotential. A lower value, i.e., more binding, is obtained when using the unmodified pseudopotential. These values may be compared with that calculated via a semicontinuum modeli where, assuming a value of -1 .O eV for the conduction-band edge in water ( V, in Table II in Ref. 13 ) , a dielectron adiabatic binding energy of --7.9 eV was obtained. Note, however, that the structural properties which were obtained via the semicontinuum model13 differ from those found in our microscopic simulations (see Sec. III).
(c) The adiabatic dissociation energy of the groundstate electron in bulk water into two separated hydrated electrons is calculated to be -1.65 eV, or 0.82 eV using another method of estimation (compare to 2.4 eV in Ref. 13), and the first vertical and adiabatic ionization potentials of (H20)
, + eand (H, 0) & -+ (H, 0) ;Q + e-, respectively) are calculated to be -1.2 eV and 0.2 eV, respectively. The first vertical ionization potential of a dielectron in bulk water is estimated to be -3.6 eV.
(d) The vertical ionization energy of the ground-state dielectron in the 256 water molecule cluster (i.e., (H20);i-+[(H20)256]2 +2e-)is-7.5eV,andthecorresponding ionization energy of the dielectron in bulk water is estimated to be -12.5 eV.
(e) The main attractive contribution to the total energy of the dielectron is from the long-range interaction of the electrons with the water molecules, which together with the exchange contribution is of larger magnitude (but of opposite sign) in (H, O>2;f and in bulk water than the repulsion originating from the interelectronic Hartree interaction, the electronic kinetic energy, and the cluster molecular reorganization energy. The reorganization energy associated with the formation of the solvation cavity of the dielectron is significantly larger than that associated with the hydration of a single excess electron.
(f) The internally equilibrium solvated dielectron in (H, 0)~: fluctuates between a compact state of approximate spherical symmetry ( ezE ) and an elongated ellipsoidal dumbbell-shaped state ( e2d ). In both of these ground-state configurations the dielectron is in a spin-paired 'S state. In the eZd state the maxima of the electronic distribution are separated by -8 Q. The dielectron transitions between the two approximately degenerate states are accompanied by molecular solvation-cavity shape fluctuations and orientational transformations of the surrounding water molecules. '* (g) The radius of gyration, R,, of the dielectron distribution in (H, 0) 2562 in the e2= state is -4.9 a,, compared to a smaller value for a solvated single excess electron where R*--3.75 a,.
(h) The solvation cavity for the dielectron in the e,, state is slightly larger than that for a single solvated electron. The dielectron induces a solvation-shell structure in the surrounding water medium, with the first solvation shell of radius -8 u0 (in the e,, state) containing -9 molecules, (the values for the e2d state vary by about lo%-20%).
This may be compared with the somewhat smaller first solvation-shell radius for a single solvated excess electron ( -7 a, ) , containing a significantly smaller number of water molecules C-6).
(i) Similar to the single solvated electron case the dielectron induces orientational order in the surrounding water medium, with O-H bonds of the water molecules preferentially oriented toward the centroid of the dielectron distribution. The degree of orientational order and its range are larger for the dielectron case.
(j) Certain aspects of the energetics and structure of a dielectron in water in comparison to the properties of a single hydrated electron correlate with the properties of a solvated negatively charged divalent ion relative to those of a solvated singly charged anion. However, the aforementioned fluctuations between the two ground-state configurations of the hydrated dielectron [see (f) above] are a unique property of the quantum solvated species."
ACKNOWLEDGMENTS
We gratefully acknowledge useful conversations with Professor Abraham Nitzan concerning the electron-water interactions. This research is supported by the U.S. Department of Energy (DOE) under Grant No. FG05-86ER45234. H.-P. K gratefully acknowledges partial support by the Foundation of Neste Corporation, the Wihuri Foundation, and the Finnish Academy of Sciences. Most calculations were performed at the Florida State and Pittsburgh Supercomputer Centers, and in part at the National Energy Research Supercomputer Center, Livermore, California, through a computer grant by the DOE.
APPENDIX A
In this appendix equilibrium results for neutral water clusters, (H, 0) n, n = 64, 128, and 256, at 300 K, obtained via simulations using the RWK2-M water potentials, are given in Table II .
In the molecular-dynamics (MD) simulations the equations of motions were integrated using Gear's fifth-order predictor-corrector algorithm with an integration time step At = 0.25 fs. Averages were performed, after prolonged equilibration (with infrequent thermalization using the stochastic collision method), over runs of 1.6X lOSAt for n = 64, and 10'At for n = 128 and 256. The estimated errors (standard deviation of 10 subaverages) are given in square brackets. I)) ) and inter-( (@'*)) ) molecular potential energies, and total potential energies, for neutral (H,O) 6111 -4.1944 -3.5832 [0.027] APPENDIX B
In this appendix we describe the energetics and structure of single excess electrons internally localized in (H,O); (n)64) clusters, calculated at 300 K via the ground-state dynamics method [ GSD, see Refs. 4(c) and 5 (b) ] with the modified electron-water interaction pseudopotential (see Sec. II). Since the properties of excess electrons in water clusters of variable sizes have been discussed by us previously, we limit ourself here to a brief discussion of the main characteristics of (H,O);
which can be used to compare with the dielectron results given in Sec. III.
Prior to presentation of our results we show in Fig Fig. 12(b) 1. In addition, we show in Fig. 13 comparative linear plots of the two electron-water pseudopotentials along one of the O-H bonds of the molecule. We observe that the main effect of the modification is confined to the vicinity of the molecule where the modified pseudopotential is more binding (due to the increased relative contribution of the attractive exchange-correlation term).
The energetics of internally localized states is exhibited in Table III and in Fig. 14 where the vertical and adiabatic energies are plotted vs n - 1'3 [for (H,O) ; with n<32 the excess electron was found to localize in a surfacelike state, and since our focus in this paper is on internally solvated electrons only data for such systems is given]. As may be p--7-1' " " " ascertained by comparing these results with those obtained by us previously, 3'b"4'c'~5'b"6 and with recently published photoelectron data, 4(b) the correspondence between the binding energies for (H,O); (n>64) calculated with the modified pseudopotential and those deduced from experiments is improved. While the bulk intercept of the VBE's (VBE", i.e., n -"3 -0 in Fig. 14) is still lower than the experimentally and theoretically estimated ones [ -4<VBE" < -3.2 eV; see Ref. 4(b) , and references therein], we note that its magnitude is decreased compared to our previous analysis3'b'*4'c'~5Cb)Y6 (furthermore in view of the calculational error estimates the value indicated by the extrapolation of the dashed line in Fig. 14 may be regarded as a lower bound of the bulk value). Similarly, extrapolation of the ABE's to the bulk limit, and consideration of the large calculational uncertainties (see Fig. 14) , yields an estimate in reasonable correspondence with the experimentally estimated heat of hydration of an electron in bulk water [AWe;
1~ -1.7 eV; see Ref. 191 . Since the dielectron calculations were performed using the LSD method, we have performed for the single-excesselectron systems comparative LSD and GSD calculations (H, 0) ; ', n = 64, 128, and 256 , at 300 K, plotted vs n -"3 The modified electron-water pseudopotential was used in . the calculations. Energy in eV.
which confirmed that the results obtained by the two methods differed by at most 2% (i.e., an almost complete cancellation between the Hartree and exchange-correlation contributions in the LSD calculations), justifying the use of the results given in Table III in analyzing the stability of the dielectron (see Sec. III).
The solvation structure in (H, 0) 256 is portrayed in the radial plot of N( r) shown in Fig. 15 (a) , where the number of oxygens in a sphere of radius r about the centroid of the excess electron is given vs r. From this data the first three solvation-shell radii are determined: (0, 7 u0 ), (7 a,, 10.5 a, ), and ( 10.5 a,, 14.5 a, ), containing an average number of 6.2, 18.7, and 44.2 water molecules, respectively (in good correspondence with our previous results). The radial plots of the electron-water interaction ( ( V) ) and molecular interaction energies ( (4) ) shown in Figs. 15 (b) and 15 (c), indicate the finite range of ( V) and the effect of the solvated electron on the water structure (i.e., molecular reorganization mainly due to the solvation cavity formation). As noted in Sec. III the induced effect of the dielectron on the solvent molecules extends over a larger range than that of the single solvated electron. This is also evident from comparison of cluster at 300 K using the modified electron-molecule pseudopotentials. (4, ) , , (4, ), , and (+), are, respectively, the intra-and intermolecular contributions ofthe cluster, and their sum to the molecular potential energy. ( F'), and (K ) , are the potential and kinetic energies of the excess electron, respectively, and VBE, = (V), + (K), is the vertical binding energy. E,, is the cluster reorganization energy and ABE, = VBE, + EC, is the adiabatic binding energy. R, is the radius of gyration of the excess electron distribution. Calculational uncertainty estimates are given in square brackets. Energies are in units of a.u., and R, in units of Bohr radius (a, ). Fig. 16 . Finally, we comment that the general characteristics of the excited states and spectral properties of (H, 0) ; ' clusters calculated with the modified pseudopotential are found to be similar to those discussed by us previously.6 We note, however, that both the Is-like ground electronic state andplike excited states of the internally localized electrons are shifted in the present calculations to higher values than in the previous ones (resulting in smaller magnitudes of the VBE's). However the amount by which the ground and excited states are shifted to the red are not the same. This results (after weighing the transition energies by the corresponding dipole matrix elements) in simulated spectra with maxima for n = 64, 128, and 256 at -2.1,2.3, and 2.55 eV, respectively, with the spectral line shapes characterized by a width of -1 eV (these peak positions are somewhat higher than the corresponding ones calculated by us previously6 ) . TABLE IV. Energetics ofadielectron internally localized in an (H,O)$ cluster, at 300 K, calculated with the unmodified electron-water pseudopotential. (4, ),, (&)2, and (qJ)l are the intra-, inter-, and total potential energiesof the water molecules. (V),, (K)*, (Exe),, and (EH)Z are the contributions of the electron-water interaction, electronic kinetic energy, exchange-correlation term, and Hartree energy, respectively, to the total dielectron energy. VBE, is the vertical binding energy of the dielectron (i.e., the sum of the aforementioned contributions); EC2 is the cluster molecular reorganization energy, and ABE, is the adiabatic binding energy, ABE, = VBE, + EC*. Results for the e,,, e,,, and e2, dielectron states were averaged over 4~lO'At, 5 x 103At, and 5 x lO*At, respectively. The average properties of the dielectron are given in the first row. Uncertainty estimates are given in square brackets, and energies in a.u. units (1 a.u. = 27.21 eV). In this context we note that the peak position for the absorption spectrum of the surface state in (H, 0) 32 ' calculated with the modified pseudopotential is at -0.9 eV (in agreement with our previous calculation@ 1, thus confirming our earlier prediction6 that the absorption bands associated with surface, or surfacelike, states peak at energies lower than those associated with interior excess electron states.
APPENDIX C
In this appendix we give in Table IV results for the energetics of a dielectron internally localized in an (H, 0);: cluster, using the unmodified electron-water pseudopotential. The structural properties (e.g., solvation-shell structure and molecular preferential orientations) are similar to those shown in Sec. III for calculations using the modified pseudopotential.
